The myxomycete Physarum gyrosum was cultured in its plasmodial stage on agar plates containing 0.025 M phosphate buffer at pH 6.5, 2% bakers' yeast, and 0.2% glucose and was supplemented with live Escherichia coli. Extracts of these plasmodia contained several antibiotic substances. Antibiotic materials were partially purified by dialysis of the agar medium-mold mixture, evaporation of the dialyzate, and butanol extraction of the residue. Further purification in two paper and two thin-layer chromatographic systems gave one product which was pure in six thin-layer chromatographic systems. Antibiotic activity against some gram-positive and gram-negative bacteria and yeasts was demonstrated with partially purified extracts and a paper-chromatographically separated fraction. One pure antibiotic was effective against Bacillus cereus.
In nature the slime molds live under the bark of trees, ingesting microorganisms and decaying plant material. Antibiotic activity in Fuligo septica was discovered and attributed (5) to two anthraquinonic acids. According to Sobels (10) mucous excretions of plasmodia or aqueous extracts of these plasmodia inhibited growth of certain bacteria and yeasts. Antibiotic products from Physarum gyrosum have been extracted and partially purified in a preliminary investigation (1) . The present study describes a more effective extraction procedure, followed by chromatographic purification of one antibiotic component from P. gyrosum. Activities of various fractions were tested against bacteria and yeasts. MATERIALS Bacteria were grown on Difco nutrient agar slants, stored cold, and transferred bimonthly. Yeasts were grown on YG slants consisting of 1 g of yeast extract, 5 g of peptone, and 15 g of agar per liter of tap water; they were stored cold and transferred semiannually.
To obtain the culture of P. gyrosum, pure plasmodia were grown at 20 C in the dark on agar plates supplemented with live E. coli and oatmeal as additional nutrients according to Schroeder and Mallette (manuscript submitted for publication). Plates were prepared from samples of a mixture of 300 ml of 0.025 M KH2PO4 adjusted to pH 6.5 and 1.7% Difco agar sterilized in 500-ml, cotton-stoppered, Erlenmeyer flasks at 121 C for 25 min. A suspension of 25% (or 50%) bakers' yeast and a 10% glucose solution were sterilized separately. After cooling the agar to about 50 C, yeast suspension was added asceptically to make the final suspension 1% (or 2%), and glucose solution was added to make the concentration 0.2%. A 25-ml sample of this mixture was placed in 10 x 1.5 cm sterile petri plates or a 50-ml sample was placed in 15 x 2.0 cm petri plates and inoculated with about i-cm2 portions of agar bearing terminal pieces of plasmodium cultured on similar plates for not more than 2 weeks.
Antibiotic assay procedures. For the disk assay, a dilution of a 16-h culture of certain test organisms in nutrient broth was used to inoculate 1% Difco Noble agar, which was liquid, but cooled to 45 C. A 2-ml sample of this solution was spread on a 25-ml 2.3% Difco agar base layer in a 10-cm petri plate that had been preincubated to 37 C. The thin seed layer was allowed to harden at room temperature for 30 min. Yeasts and bacteria possessing temperature optima below 37 C were flooded onto the above agar base at room temperature as a 1:100 dilution of the organism. Excess inoculum was withdrawn asceptically, followed by a 30-min drying period. Aqueous test solutions were adjusted to the desired pH with an Arthur H. Thomas combination electrode and a Coming model 12 pH meter. Assay disks (Schleicher and Schuell no. 740-E, diameter of 12.7 mm) were moistened with the solution to be tested for antibiotic activity and placed on the test plate. Water-insoluble samples were dissolved in suitable organic solvents, spotted on disks, air-dried, and dried in vacuo for at least 30 min to remove all solvent. Then each disk was moistened with 0.1 ml of 0.1 M phosphate buffer, pH 7.0. Test plates were kept at room temperature for 2 h to allow for diffusion of antibiotic material and incubated for 3 h (longer when so specified) at a temperature suitable for growth of the test organism. All 3-h assays were reread at 19 h to verify the inhibition. Zones of inhibition decreased somewhat at the later time.
For the nutrient broth assay, 10 ml of broth in sterile 21 x 175 mm metal-capped culture tubes received 0.1 ml of a 1:10 dilution of a 16-h culture of test organism as an inoculum. A sample of antibiotic material was added dry or dissolved in 0.2 ml of methanol. Turbidity at 650 nm was followed with a Bausch and Lomb Spectronic 20 spectrophotometer as an index of growth during incubation at 37 C.
For the preparation of bioautographs, paper chromatograms were dried, and a 1-to 1.5-cm strip was cut vertically across the sheet through the origin and solvent front and divided into pieces of convenient length. These pieces were moistened by spraying with 0.1 M phosphate buffer, pH 7, placed on assay plates, and treated as indicated above for assay disks.
Zones of inhibition on disk assay plates are reported as diameters of the clear circular areas, including the 12.7-mm assay disks, where no bacterial colonies grew. Only zones greater than 15 mm were considered significant. Measurement with a millimeter scale under a hand lens gave -0.5 mm accuracy.
Concentration and purification of antibiotic materials. For extraction of antibiotic activity, agar medium-slime mold cultures from 15-cm plates were combined and mixed with an equal volume of water, minced with a mechanical stirrer, and placed in dialysis tubing (1.125 1, 200 x g were withdrawn by pipette, combined, and evaporated in vacuo at 40 C to near dryness. This residue was dissolved in 100 ml of water and was again extracted twice with 50 ml of 1-butanol as before. The combined butanol layers were concentrated to about 25 ml by rotary evaporation, 50 ml of water was added, and the mixture was neutalized with 30% KOH. The mixture was evaporated to dryness in vacuo, and the residue was dissolved in water and redried in vacuo to remove all butanol. This material was redissolved in 10 ml of water, and the pH was checked to ensure neutrality.
Paper chromatography was performed with Whatman no. 3MM paper which was washed with the solvent to be employed later and air-dried. Sample was applied as a horizontal streak, and ascending chromatograms were developed (20 to 25 cm) with ethyl acetate-pyridine-water, 2:2:1, vol/vol/vol. A second solvent system, methanol-water-ammonia, 20:40:1, vol/vol/vol, was used with descending development of about 40 cm.
Thin-layer chromatography employed silical gel G of 0.6-mm and 0.3-mm thickness, on 20 x 20 and 10 x 20 cm glass plates, which was activated at 100 C for 1 h and kept under room conditions until used. Solvents used for development are listed where used in individual experiments.
The test reagent system was as follows: chromatograms were assayed by bioautography as described above, and bands of material were detected by viewing in ultraviolet and visible light. In addition, impurities were located by spraying with ninhydrin and heating at 100 C. After development, thin-layer plates were covered with Saran wrap, except for a 1-cm strip along an edge which was sprayed with dichromate-saturated concentrated sulfuric acid and charred by heat briefly with a Bunsen burner to locate all organic components.
Samples were evaporated to dryness, and then were heated for 2 h at 56 C in an Abderhalden drying pistol containing P205 at pressures less than 1 mm. Weights were read to 0.1 mg.
RESULTS
Two sets of 24 large plates supplemented with live E. coli and oatmeal were incubated; one set was inoculated with P. gyrosum, and the control group was not. After 8 days of incubation, plates were harvested as described above, dialyzed, and extracted with 1-butanol at pH 3.5. The mold set yielded 6 ml of extract containing 25 mg of dry matter per ml with an activity against B. cereus of 21 mm for 2.5 mg/disk. Two ml of extract containing 22 mg/ml was obtained from the control plates. No significant antibiotic activity was observed in tests employing 2.2 mg/disk of material from the control.
In one experiment, 70 large plates were harvested and extracted with butanol leading to reduction in dry weight and to recovery of activity (Table 1) . Concentrated dialysate showed no significant activity, for it was still too dilute for response as assayed, but it was high in dry weight. Extraction with 1-butanol at pH 3.5 reduced the dry weight from 18.5 g to 744 mg, VOL. 4, 1973 IA sample of the original fraction was taken to dryness and dissolved in water, and 0.10 ml of this final, neutral solution was placed on the assay disk.
c A sample of 100 ml of the original 120 ml was dried and dissolved in 100 ml of H20 (D) for the second butanol extraction (E). After extraction both phases were dried, and the solids were dissolved in 10 ml of H2O. about 4%. A 25-ml amount of a solution of the extract had a specific activity of 21 mm/6.2 mg/disk. When a sample (620 mg, corresponding to 100 ml) of this extract was dried, dissolved in 100 ml of H2O, and reextracted twice with 50 ml of 1-butanol in the same way, the weight was lowered to 272 mg, or 44% (in some experiments as low as 25%). When this material was redissolved in 10 ml of water, it had the same concentration of antibiotic activity as before. Because no volume change was involved, all antibiotic was recovered from the first extract. Therefore, two stages of butanol extraction reduced the dry weight to 1.76% overall. In other experiments, activity in the second butanol extract differed (Table 2) , presumably because of variations in levels of activity produced by cultures and differences in efficiency of the fractionation.
Butanol extract from another experiment was applied to chromatographic paper and developed with ethyl acetate-pyridine-water, 2 (Tables 2  and 3 ). This chromatographic step compensated for the lower activity in fraction E2, which was used as the starting material, compared to Table 2 suggest that fraction Y had about one-fourth the antibiotic activity of X at the same weight concentration.
Next. fraction X2, from a similar experiment but less active than X, was applied to Whatman no. 3MM paper and chromatographed with methanol-water-ammonia, 20:40:1, vol/ vol/vol, descending for 41.5 cm. Active fractions Z and 0 were obtained by the procedure used for X. In this case (lower part, Table 3 ) antibiotic fraction Z (Rf 0.87) had about 2.5 times the specific activity of X2. Fraction 0 (Rt 0.48), another antibiotic, was of low activity and therefore was not pursued further, although it was the strongly ultraviolet-fluorescing component contained in fraction X2.
When both X and Z were eluted, as described above, from paper strips with chloroformmethanol-water, visible overlapping bands of impurities remained on the paper. These residues were nonbioactive and could be eluted with the solvent used for developing the chromatogram. Therefore, further purification was achieved by this elution step.
Sample Z, was fractionated by preparative thin-layer chromatography in two solvent systems. After development in the first system (footnote b, Table 4 ), seven bands were detected by charring an edge strip with chromicsulfuric acid. The silica gel G containing each band was separately scraped off, packed into a small glass column, and soluble material was eluted with chloroform-methanol-water, 65:25:4, vol/vol/vol. Three of these bands (Table 4) Table 4) contained all of the activity of C-1. Small amounts of impurities were removed when these two antibiotic materials were separated. Active component D-1 showed chromatographic purity in six thin-layer systems when rechromatographed (Table 5 ).
This antibiotic component had undergone approximately 300-fold purification during the fractionation described. This purification factor VOL. 4, 1973 on January 6, 2018 by guest http://aac.asm.org/ 164 SCHROEDER AND MALLETTE is only approximate because (i) extracts of some cultures were more active than those of Table 2 , and (ii) the extract contains several contributing antibiotics which were removed in isolating D-1. The effect of this latter influence cannot be evaluated until a specific test becomes available for D-1. These two factors are partially compensatory, but to an unknown extent. Other active fractions, D-2, 0, Y, and aqueous-phase D, were separated but not fractionated further. Some of these materials may possess higher specific or different antibiotic activities than D-1. However, D-1 was chosen for the more detailed study because it was the most abundant material and, thus, might be easier to study chemically.
The absorption spectrum (Fig. 1 ) of D-1 in methanol showed a broad peak at 295 nm with a shoulder at 325 nm. The absorptivity of the peak absorption was Eicm'" = 320. Off-scale absorption occurred below 220 nm. The mass spectrum of D-1 is shown in Fig. 2 .
Because antibiotic materials were dialyzed through a cellophane membrane, their molecular weights were less than 10,000. Moreover, several void volumes were required to elute fraction X from a column of Sephadex G15F, which suggested molecular weight values of less than 1,500. Finally, Amicon filters for ranges of 1,000 and 500 did not retain the antibiotics.
The antibiotic materials were partially stable inasmuch as preparations at various stages of purity retained half of their original activities after 11 weeks of frozen storage. Instability of the butanol extract activity was noted at pH 3.5, and deactivation by base occurred at pH 9.0 and above. More purified materials, fraction X and pure D-1, withstood autoclaving for 15 min or drying in vacuo at 56 C without loss of activity. Residue from butanol extract was water soluble. Later fractions lost this water solubility, but dissolved in organic solvents. Solubility of fraction X was: methanol> ethanol >acetone, chloroform>ether. Likewise, methanol was the best solvent for D-1.
In a preliminary study on the nature of pure component D-1, microqualitative reactions revealed N and S, acid, hydroxyl, and amino groups. Aromatic-heterocyclic character was indicated. Although the sulfur was readily oxidized, it was not present as thiol. Carbonyl, as well as a number of biochemically less common functional groups, were absent. Work on the structure of this material is continuing.
The dose response curve of additionally purified antibiotic fraction X in the disk assay is shown in Fig. 3 , and Fig. 4 shows results observed in a nutrient broth assay of this Table 6 .
DISCUSSION
The extraction and purification procedure yielded a pure antibiotic (D-1) from P. gyrosum. In the process, paper and thin-layer chromatography eliminated contaminants of various kinds. Extensive trials of column chromatogra- 3 . Concentration dependence in the disk cin) from Streptomyces filamentosus with a ay against B. cereus of a sample of antibiotic secondary maximum in methanol at about 420 ction X further fractionated by chromatography on nm. Thus D-1 does not seem to be a member of .6 x 45 cm column of Sephadex LH-20 by elution either this group or of the somewhat related h acetone-chloroform-methanol, 2:1:2, vollvol/vol. tetracyclines (2, 11) . ssitivity in the assay was increased somewhat
The preliminary mass spectral study (Fig. 2) 'ond that indicated in the tables, probably by revealed a peak at 401 mle for purified D-1, ection and test of a component or group of compo-which as at6 0 m/e for peak iensD-1
,ts with higher potency than that displayed by the which was about 6% of the base peak intensity.
re abundant pure material D-1 obtained from X by This was the largest major ion peak found and er means described above. 4 . Nutrient broth assay of antibiotic fraction cal tests. The sample of X, after fractionation Dry X was added to 10 ml of broth inoculated with on Sephadex LH-20 and with a high activity, cereus. Symbols: 0, 0.0 mg/ml; 0, 0.04 mg/ml; A, stopped all growth of B. cereus at 0.20 mg/ml 1 mg/ml; *, 0.20 mg/ml. (Fig. 4) . Temporary inhibition of growth ocy, with one or two exceptions, did not yield curred at 0.04 mg/ml. eful fractionations of the butanol extract. A Fractions were given a preliminary test Lmber of different antibiotics were indicated against a number of bacteria and yeasts to the chromatographic procedures finally em-outline the range of activity of antibiotics from )yed. Pure component D-1 represented the P. gyrosum. Activity was good against gramtibiotic present in largest quantity, although positive bacteria, and somewhat less so against t necessarily in highest specific activity.
the two gram-negative bacteria. Of the species
Correlations by the method of Silverstein and tested, B. cereus responded well in the disk tssler (8) suggest that the large absorptivity at assay when account was taken of the quantity 5 nm for antibiotic D-1 indicates either exten-assayed in the test of VOL. 4, 1973 on January 6, 2018 by guest http://aac.asm.org/ 
